• Titanium carbide powder was prepared by the carbothermic reduction of ilmenite concentrate • The iron and titanium carbide in the reduction products were economically separated by using ferric chloride solution
NaCl-type of structure. Because of its high melting point (3067 C), high hardness (32.4 GPa), good chemical inertness and good electrical conductivity (310 -7 S/cm), titanium carbide has been found tremendous applications in various fields, such as wearresistant material, cutting tool and anodes in lithium--ion batteries [2] [3] [4] .
Nowadays, various methods have been adopted to prepare titanium carbide, e.g., self-propagating high temperature synthesis (SHS) [1] , mechanically activated sintering [5] , thermal plasma [6] , carbothermic reduction [7, 8] , etc. Considering the abundant reserves of ilmenite concentrate in the world, the preparation of titanium carbide by ilmenite concentrate is receiving more and more attentions. Most of the studies were focused on the carbothermic reduction process [9] [10] [11] , while how to separate the reduction products of iron and titanium carbide economically is also quite significant. After the carbothermic reduction of ilmenite concentrate, Welham and Williams [7] used 3% HCl to leach the products for 24 h at room temperature. As a result, almost all of the iron went into the waste liquid and could not be recycled. On the other hand, there are many reports on the production of TiC reinforced iron-based composite from ilmenite [12] [13] [14] [15] [16] . After being milled in a planetary ball mill, TiC reinforced iron-based composite was synthesized via microwave heating [12, 13] , electric discharge assisted mechanical milling (EDAM) [14] or carbothermic reduction [15, 16] . It is economical to convert raw materials directly to composite materials. In this paper, a new process of separating iron and titanium carbide via lixiviation was put forward. The ferric chloride solution was used for leaching to separate reduction productions of iron and titanium carbide. After leaching, the main component of the filtrate was ferrous chloride. The iron in the filtrate could be recycled in the form of -FeOOH [17, 18] . -FeOOH could be used as an important by-product to produce ultrafine Fe2O3 [19] . After recycling the elemental Fe, the main component of the rest filtrate was ferric chloride, which could be reused for the next leaching process.
EXPERIMENTAL
The ilmenite concentrate, produced in Panzhihua, Sichuan, China, was examined by X-ray fluorescence (XRF) and X-ray diffraction (XRD). The results of XRF and XRD are presented in Table 1 and Figure 1a , respectively. The main mineral phase of the ilmenite concentrate is FeTiO3, while the main impurity element is Mg, which exists in solid-solution of (Mg,Fe)(Ti,Fe)O3 [20] . As shown in Figure 1b , it should be noted that the peaks of FeTiO3 and (Mg,Fe)(Ti,Fe)O3 are similar and overlapped in the XRD pattern because of the same crystalline structure. According to the authors' previous study [10] , the optimized carbothermic reduction parameters were established as: molar ratio of C to FeTiO3 4:1, reduction temperature 1500 C and reduction time 6 h. The main reactions occurred during the carbothermic reduction are shown in Eqs. (1)- (4) . All the standard Gibbs energy changes, G , are calculated by Factsage 6.4:
The ilmenite concentrate and graphite powder (Sinopharm Chemical Reagent Co., Ltd, Chemical Pure, 98%) were mixed uniformly in an agate mortar (Changzhou Putian Instrument Manufacture CO., Ltd, diameter 105 mm). Then the mixtures were made into cylindrical briquettes with the addition of PVA (2 wt.%). The diameter and weight of the cylindrical briquettes were 18 mm and 2 g, respectively. When the temperature of the vertical tube furnace reached 1500 C, the alumina crucible with the briquettes was put into the furnace under a protective argon gas atmosphere (0.8 L/min). After reacting for 6 h, the crucible was taken out of the furnace quickly and cooled by the argon stream (1.5 L/min). The reduction products were examined by XRD and scanning electron microscope (SEM) to investigate their phase compositions and microstructure.
The reduction products were agitation leached by ferric chloride solution (0.5 mol/L) at 25 C in an electro-thermostatic water bath. The stirring rate was 200 rpm and the pulp density for each experiment was 20 g/L. The leaching time was 1, 2, 5, 10, 20, 30 and 60 min, respectively. After leaching, the solid phase was separated from the liquid phase by suction filtration as soon as possible. After being rinsed thoroughly by deionized water, the obtained solid phase was examined by XRD and SEM. The filtrate after leaching was collected in a beaker and then heated with blowing air (0.5 L/min). The temperature was set to be 80 C and was not changed during this process. The purpose of blowing air into the filtrate was to accelerate the reaction. After 3 h, a yellow solid precipitate appeared. The precipitate was collected by suction filtration and examined by XRD and field emission scanning electron microscope (FE-SEM).
RESULTS AND DISCUSSION
Carbothermic reduction of the ilmenite concentrate After 6 h of the carbothermic reduction, the percentage of total mass loss ratio was 41.88, which was consistent with the maximum theoretical mass loss ratio [10] . It illustrates that the carbothermic reduction reacted completely. The XRD patterns of the reduction products are presented in Figure 2 , from which it can be concluded that the reduction products were mainly made up of TiC, Fe and MgO. The morphology images of the ilmenite concentrate and the reduction products morphology are shown in Figure 3a and b, respectively. Compared with the ilmenite concentrate, the reduction products were porous, which was due to the generation and evolution of CO gas. Backscattered electron (BSE) image of the main phases inside the reduction products is displayed in Figure 3c , which indicates that there are three different regions in the samples. Based on the results, the energy dispersive spectrometer (EDS) analyses performed at different regions are shown in Table 2 . It is obvious that the main impurity element Mg mostly existed in the form of MgO after the carbothermic reduction, which is consistent with the results of the XRD analyses.
Purification of titanium carbide powders
The percentages of mass loss with different leaching time are shown in Figure 4a . After leaching for 10 min, the mass loss vs. time curve reached a plateau of 47.6%. As shown in Figure 3b , the porous structure of the reduction products was advantageous to the leaching process. XRD pattern of the leaching products after leaching for 60 minutes is presented in Figure 4b . Compared with Figure 2 , the peaks of Fe and MgO disappeared in Figure 4b . Based on Figures  2 and 4b , the following reactions occurred in the process of lixiviation. The hydrogen ions in Eq. (6) were resulted from the hydrolysis of ferric chloride solution: Figure 2 . XRD patterns of the reduction products. After leaching, the main phases were TiC, MgAl2O4 and Mg2SiO4. BSE images of the leaching products are shown in Figure 5 . The overall distribution of the leaching products is displayed in Figure  5a . Most of the iron was removed by ferric chloride solution. As a result, TiC particles which were integrated with Fe tightly were scattered into individual particles. The wetting angle  between TiC and Fe at 1500 C is 30 [21] . As shown in Figure 5b , there was still a little bit of Fe inside TiC particles. This part of the iron was wrapped by TiC particles and could not be removed by ferric chloride solution. From Figure  5c and d, it could be seen that a few impurities of MgAl2O4 and Mg2SiO4 were combined with TiC particles. EDS analyses performed at different phases are shown in Table 3 , which were in agreement with the XRD patterns in Figure 4b 
Recycle of the waste liquid
When blowing air into the filtrate, the ferrous chloride solution was oxidized to ferric chloride solution, and a yellow solid precipitate appeared. The XRD patterns of the precipitate are presented in Figure 6a , which indicates that the precipitate is akaganeite (-FeOOH). As seen from the FE-SEM morphology image of -FeOOH shown in Figure 6b , -FeOOH with the length less than 1 m was rod-like shaped, which was consistent with the reported experiment phenomena [22, 23] . The rod-like particles of -FeOOH could be dissolved and reprecipitate as hematite (-Fe2O3). Under different conditions, -Fe2O3 could be in different morphologies of spheres, cubes or double ellipsoids [22] . Therefore, -FeOOH is a valuable by-product. The main reaction occurring during blowing air into the waste liquid is shown in Eq.
: As can be concluded from Eq. (7), 1/3 Fe content is recovered in the form of FeOOH and the remaining Fe still existed as ferric chloride in solution, which could be reused in the next leaching process. However, as the accumulation of the elemental Mg in the new ferric chloride solution, the recycle of the ferric chloride solution would be terminated when MgCl2 reached saturation.
CONCLUSION
The purification of titanium carbide powder from ilmenite concentrate was investigated in this article. After the carbothermic reduction at 1500 C for 6 h and lixiviation by ferric chloride solution at 25 C for 10 min, TiC powder with little MgAl2O4 and Mg2SiO4 was produced. The mass loss ratios during the carbothermic reduction and lixiviation process were 41.88 and 47.6%, respectively. The carbothermic reduction product Fe went into the waste liquid and was recycled in the form of -FeOOH after blowing air for 3 h at 80 C. The waste liquid was oxidized to ferric chloride solution for the next process of lixiviation.
